Mammals, being endotherms have very high metabolic rates compared to ectothermic reptiles. Similarly, small mammals have high rates of mass-specific metabolism compared to larger mammals. This review examines the mechanistic basis of why particular mammal species have a specific metabolic rate. Initial studies compared mammals with arid zone reptile species of the same size and T b . Mammals have larger internal organs, with more mitochondrial membrane surface area than the reptiles. The cells of mammals are leakier to Na + ions and their mitochondrial membranes are leakier to H + ions than in reptile cells. These leakier membranes have membrane lipids that are polyunsaturated and less monounsaturated than their less leaky counterparts. Examination of the cellular basis of allometric variation in metabolism in mammals reveals very similar findings with polyunsaturated membranes associated with the high mass-specific metabolic rates of small mammal species and monounsaturated membranes with low rates of metabolism of large mammals. These findings have resulted in the development of the 'membrane pacemaker' theory of metabolism, which proposes that membrane bilayer composition is regulated in animals and that highly polyunsaturated membranes result in enhanced molecular activity of membrane proteins and in turn this results in an elevated metabolic rate of cells, tissues and consequently whole animals. This theory is also supported by the recent examination of the basis of body-size variation in the metabolic rates of birds. The 'membrane pacemaker' theory of metabolism is currently the only explanation of the mechanisms determining the metabolic rate and thus the cost of living of animals. It has implications for the effect of food habits on metabolism and the relationship between metabolism and lifespan.
COMPARED to other environments, the arid zone has low available energy. Correspondingly, reptiles are common inhabitants of such arid environments. Many species are diurnally active and operate at body temperatures (T b ) similar to those of mammals (i.e., 35 -40 o C) but without the high metabolic rates of endotherms. The central-netted dragon (Amphibolurus nuchalis), a small diurnal lizard that weighs 30 -50 g has a preferred T b of ~ 37 o C (Licht et al. 1966) . The western bearded dragon (Pogona vitticeps) also has a preferred T b of ~ 37 o C (Bartholomew and Tucker 1963) but has an adult body mass of 200 -500 g. Both species commonly occur near 'Fowlers Gap' in western New South Wales.
Twenty five years ago we commenced comparing these ectothermic reptiles with two similar-sized mammals; the house mouse (Mus musculus) and the brown rat (Rattus norvegicus). Our purpose was to understand the evolution of endothermic metabolism; why mammals have high basal metabolic rates (BMR) compared to ectotherms. We already knew that different mammals (monotremes, marsupials, eutherians) and birds have different BMRs. They also have different resting T b s and when their BMRs are corrected to a common T b the differences in BMR of endothermic vertebrates disappear (Dawson and Hulbert 1970) . This is not the case for reptiles. The BMR of the endotherms was several fold greater than that of reptiles even when expressed at the same T b (Dawson and Hulbert 1970) . Why should this be the case? What is it about the BMR of endotherms that requires them to obtain so much additional energy? BMR is the minimum 'cost of living'. It is not the extra heat required for maintenance of a constant T b . Indeed it is often heat excess to requirements. This BMR difference is also not the extra energy of activity or growth. What happened during the evolution of endothermy that required higher vertebrates to obtain so much additional food?
The best way to determine this was a detailed comparison of a mammal and reptile of the same body size. We needed to compare biochemistry and physiology at relevant temperatures, and chose species that had similar T b s. This was the reason for initially comparing A. nuchalis with M. musculus. It lead us into unexpected areas and has resulted in the only explanation of the mechanistic basis of a species' metabolic rate; the 'membrane pacemaker' theory of metabolism (Hulbert and Else 1999, 2000) . This theory not only explains the basis of endothermic metabolism, but also the long-known BMR-body size relationship of mammals and birds. It has the potential to explain the influence of food habits on a species' metabolic rate as well as the link between metabolism and the distinctive maximum lifespan of species. Here we provide a brief description of the search, its major findings and their implications.
The basis of the ectotherm-endotherm metabolism difference
The BMRs of M. musculus and R. norvegicus are respectively ~ 8 times the BMR (at 37 o C) of A. nuchalis and P. vitticeps (Bartholomew and Tucker 1963; Else and Hulbert 1981) . In humans, the internal body organs are responsible for 72% of BMR although they only account for 8% of body mass (Schmidt-Nielsen 1975) . Was the reptile-mammal difference manifest in all tissues or restricted to a small number of tissues? Bennett (1972) had shown that the activity of mitochondrial enzymes was much lower in some reptiles compared to rats. We quantified mitochondrial membrane surface areas in tissues using stereology (quantitative electron microscopy) and showed that the total surface areas of mitochondrial inner membrane per mammalian tissue were 3 -5 times the value for the respective reptilian tissue (Else and Hulbert 1981) . One of the findings of this study was that the differences were relatively uniform between the tissues and were not restricted to specific tissues (Fig. 1) . Later, we expanded this comparison to additional tissues (skeletal muscle and lung) and a more diverse range of mammals and reptiles. The findings were essentially the same and also showed that mitochondrial membrane surface area varied allometrically in both vertebrate groups in a similar manner to BMR (Else and Hulbert 1985) . The conclusion from these studies was that the ectotherm -endotherm metabolism difference was manifest at the tissue level in the ability of mitochondria to produce ATP.
When in vitro oxygen consumption rates of tissue slices were compared, the mammal tissues had massspecific respiration rates 3 -5 times the reptilian tissues (Hulbert and Else 1981) . Furthermore, the mammalian tissues used 3 -9 times the energy to maintain low intracellular sodium levels than did the respective reptilian tissues (Hulbert and Else 1981) . The question was why should this be so? We suspected that the difference was neither due to greater ion gradients across the plasma membrane of cells in mammals nor a greater amount of plasma membrane and the obvious candidate for further investigation was that mammalian cells were 'leakier' to sodium ions than were the equivalent reptilian cells. It was necessary to prepare isolated cells in order to examine this possibility, so the reptile -mammal comparison was changed to a bearded dragon -rat comparison. We remeasured many of the parameters previously measured in the central-netted dragon and mouse and confirmed a 3 -6 fold greater energy requirement for cellular sodium homeostasis in the mammal tissues (Else and Hulbert 1987) . Mammals had both a Na + leak into liver cells and K + leak out of liver and kidney cells several fold greater than reptilian cells (Else and Hulbert 1987) . This reptile -mammal difference was found to be a general ectotherm -endotherm difference (Hulbert and Else 1990) .
It was found that, although there were severalfold differences in Na + ,K + -ATPase enzyme activity in the tissues of endothermic vertebrates compared with the respective tissues of ectothermic vertebrate species, there was surprisingly no difference in the tissue density (pmol g -1 ) of these sodium pumps (Else et al. 1996 ). An advantage of measuring both the number of enzyme molecules and total enzyme activity in the same sample, is that it allows the calculation of the average activity of individual enzyme molecules, a value known as the enzymes 'molecular activity'. When this was done the sodium pumps in the endotherms had an average molecular activity of ~ 8000 ATP min -1 whilst those in the ectotherms had a value of ~ 2000 ATP min -1 (Else et al. 1996) . This implied there was something fundamentally different between the tissues of endotherms and ectotherms. More recently, we have demonstrated a very strong relationship between the molecular activity of the Na While the reptile-mammal difference in 'leakiness' of cells to sodium and potassium could partly explain the difference in their resting rates of metabolism, it was not a complete explanation. During the 1980s, it was becoming obvious that a substantial portion of BMR was related to the leakiness of mitochondrial membranes to protons (see Brand 1990) . Mitochondrial proton leak is responsible for 20 -25% of the resting oxygen consumption of rat hepatocytes (Nobes et al. 1990 ). We measured proton leak in liver mitochondria from the bearded dragon and the rat and found that the mammalian mitochondrial membrane was 4 -5 times more leaky to protons than the reptilian mitochondrial membrane (Brand et al. 1991) . The reptile-mammal difference in mitochondrial proton leak was related to some difference in the relative composition of the membrane. Later studies on other lizard species confirmed that the liver mitochondria from lizards have a low proton leak (Brookes et al. 1998) . Was there something different in membrane composition between lizards and mammals?
Earlier studies had suggested the fatty acid composition of membrane lipids differed between ectotherms and endotherms (Lyons and Raison 1970; McMurchie 1973) , and a strong correlation had been reported between resting heart rate (a correlate of BMR) and heart phospholipid docosahexaenoic acid content in mammals (Gudbjarnason et al. 1978) . We found that the tissue phospholipids (and thus the membranes) of the mammal were significantly more polyunsaturated and less monounsaturated than those of reptile (Hulbert and Else 1989) . This was especially the case for the highly polyunsaturated long chain omega-3 fatty acid, docosahexenoic acid (DHA) and the monounsaturated oleic acid (OA). The results for these two fatty acids are shown in Fig.  2 . Whilst this mammal -reptile difference was manifest in total tissue phopholipids it was even greater when liver mitochondrial phospholipid composition was compared in these two species (Brand et al. 1991) .
The basis of the allometric variation in metabolic rate of mammals.
This insight provided a perspective to mammalian metabolism that we could apply to another longknown but relatively little understood relationship; the variation in BMR of mammals of different body size. The allometric variation in mammalian BMR was partly due to allometric variation in tissue size and partly due to allometric variation in tissue metabolic rates (Krebs 1950; Holliday et al. 1967) . Measurement of the activity of the sodium pump in tissue slices from mammals ranging in size from mice to cattle showed that sodium pump activity varied in a similar allometric manner to tissue slice respiration rate (Couture and Hulbert 1995a). Similarly, total hepatocyte respiration rate varied with body size (Porter and Brand 1995) and proton leak in isolated liver mitochondria varied with body size in mammals ranging from mice to horses (Porter et al. 1996) . Intriguingly, mitochondria from the small mammal species had high DHA and low OA content while those from large mammals, with a decreased mitochondrial proton leak, had low DHA and high OA content (Porter et al. 1996) . The correlation between the fatty acid composition and mitochondrial proton leak was remarkably similar to that previously observed in the mammal -reptile comparisons.
Measurement of the fatty acid composition of tissue phospholipids from mammal species, ranging from mice to cattle, showed similar correlations (Couture and Hulbert 1995b). The phospholipids of small mammals were highly polyunsaturated with low levels of monunsaturates whilst as the mammals species became larger their phospholipds (and thus membrane bilayers) became less polyunsaturated and more monounsaturated. A recent compilation (Hulbert et al. 2002b ) of values from the literature for a large number of mammal species confirms these trends. Some of the data for skeletal muscle phospholipids of mammals are presented in Fig. 3 .
The fatty acid that shows the strongest and steepest allometric variation is DHA. These findings represent the only significant variation in chemical composition of mammals associated with body size that have been reported and we have proposed that this variation in membrane composition is an important determinant of the overall rate metabolic activity of the cells and tissues and consequently the whole animal.
The membrane pacemaker theory of metabolism
The emerging picture of metabolism from examination of both the endotherm -ectotherm difference and the body-size variation in mammalian BMR was that variation in metabolic rate was not restricted to a particular tissue or process. As well, it had become apparent from many studies over the last couple of decades that a large part of the BMR was related to membrane-associated processes. For example, Rolfe and Brown (1997) concluded that about 10% of BMR is non-mitochondrial oxygen consumption, 20% is due to mitochondrial proton leak and 70% is mitochondrial ATP production. At a whole animal level, resting ATP production can be divided into 20 -25% for Na + ,K + -ATPase activity, 20 -25% for protein synthesis, ~ 5% for Ca 2+ -ATPase activity, ~ 7% for gluconeogenesis, ~ 2% for ureagenesis, ~ 5% for actinomyosin-ATPase activity and all other ATP consuming processes responsible for about 6%. These estimates are averages for the entire animal and the relative contribution of the different processes varies between tissues. It is estimated that whilst Na + ,K + -ATPase activity Fig. 3 . A. The relative concentration of total unsaturated fatty acids (UFA), the polyunsaturate, docosahexaenoic acid (DHA) and the monounsaturate, oleic acid (OA) in skeletal muscle phospholipids from different-sized mammals. Data from Hulbert et al. (2002b) . B. The relative concentration of total unsaturated fatty acids (UFA), the polyunsaturate, docosahexaenoic acid (DHA) and the monounsaturate, oleic acid (OA) in skeletal muscle phospholipids from different-sized birds. Data from Hulbert et al. (2002a) . 
B. Birds
Percent of total fatty acid chains body mass (g) constitutes only ~ 10% of cellular energy turnover in liver, it is responsible for ~ 60% in brain and kidney (Clausen et al. 1994) . Maintenance of the Na + gradient across the plasma membrane and the H + gradient across the mitochondrial membrane together accounted for about half the energy turnover of BMR.
The 'membrane pacemaker' theory emphasised the role of polyunsaturates in membranes. It proposed membrane-associated processes are substantial contributors to BMR and that when BMR varies between animals, all the constitute processes vary similarly. It proposed that the degree of polyunsaturation of membrane bilayers (especially DHA) modulates the molecular activity of many membrane proteins (channels, pumps, receptors) and consequently the metabolic activity of cells, tissues and the whole organism (Hulbert and Else 1999) .
Experimental evidence supporting the theory includes species-crossover studies where the molecular activity of sodium pumps from tissues of rats and toads was decreased by mild delipidation of the membrane surrounding the pump and returned to its original activity when relipidated with membrane lipids from the same species. When relipidated with membrane lipids from the other species, the molecular activity of the pumps was altered to be more like that of the species from which the membrane lipids were derived (Else and Wu 1999). There is also experimental evidence where manipulation of mitochondrial membrane composition increased proton leak. Stillwell et al. (1997) increased DHA content of mouse liver mitochondrial membranes and demonstrated an enhanced proton leakiness of the mitochondrial membrane. Other evidence concerning the influence of membrane lipid composition on metabolism is described in recent reviews (Hulbert and Else 2000; Hulbert 2003 ).
As a test of the 'membrane pacemaker' theory we recently examined bird species ranging from finches to emus. As can be seen (Fig. 3) , the content of the highly polyunsaturated docosahexaenoic acid in skeletal muscle phospholipids decreases, whilst content of the monounsaturated oleic acid increases with increasing body mass. These relationships are very similar to those previously observed in mammals (Hulbert et al. 2002a) . Similarly liver mitochondrial proton leak varies allometrically with body mass in birds as it does in mammals (Brand et al. 2003) . The finding of similar trends in birds as previously observed in mammals is an important test and confirmation of the membrane pacemaker theory.
Implications of the membrane pacemaker theory of metabolism
It has been observed that particular food habits are often associated with distinctive BMRs (see McNab   2003 ). For example, termite-eating mammals often have low BMRs (for their body size), whilst fisheating sea birds often have high BMRs. If these food sources have distinctive fatty acid compositions, which in turn influence membrane fatty acid composition of the animals that eat them, then the membrane pacemaker theory can provide a mechanistic explanation of these observations. It has already been demonstrated that dietary fatty acid composition significantly alters the metabolic rate of rats (Pan and Storlien 1993) .
The membrane pacemaker theory also has potential for explaining the link between metabolism and aging in vertebrates and the difference in maximum lifespans of different vertebrates. This implication is based around the chemical fact that polyunsaturates but not monounsaturates are very prone to damage by oxygen-derived free radicals and when peroxidised polyunsaturates produce very potent lipid peroxidation products that do substantial damage to cells. Consideration of this aspect is beyond the limitations of the current discussion but is covered elsewhere (Hulbert 2003) .
What started out as a search to understand why mammals have BMRs much greater than reptiles, using species obtained from the arid zone around 'Fowlers Gap' has resulted in significant insight into the underlying mechanisms that determine the 'cost of living' of mammals and, likely animals in general. 
